For decades, asbestos-containing gaskets were used in virtually every system that involved the transport of fluids or gases. Prior to the mid-1970s, some automobile exhaust systems contained asbestos gaskets either at flanges along the exhaust pipes or at the exhaust manifolds of the engine. A limited number of automobile mufflers were lined with asbestos paper. This paper describes a simulation study that characterized personal and bystander exposures to asbestos during the removal of automobile exhaust systems (ca. 1945-1975) containing asbestos gaskets. A total of 16 pre-1974 vehicles with old or original exhaust systems were studied. Of the 16 vehicles, 12 contained asbestos gaskets in the exhaust system and two vehicles had asbestos lining inside the muffler. A total of 82 samples (23 personal, 38 bystander, and 21 indoor background) were analyzed by Phase Contrast Microscopy (PCM) and 88 samples (25 personal, 41 bystander, and 22 indoor background) by Transmission Electron Microscopy (TEM). Only seven of 25 worker samples analyzed by TEM detected asbestos fibers and 18 were below the analytical sensitivity limit (mean 0.013 f/cc, range 0.001-0.074 f/cc). Applying the ratio of asbestos fibers:total fibers (including non-asbestos) as determined by TEM to the PCM results showed an average (1 h) adjusted PCM worker exposure of 0.018 f/cc (0.002-0.04 f/cc). The average (1 h) adjusted PCM airborne concentration for bystanders was 0.008 f/cc (range 0.0008-0.015 f/cc). Assuming a mechanic can replace four automobile single exhaust systems in 1 workday, the estimated 8-h time-weighted average (TWA) for a mechanic performing this work was 0.01 f/cc. Under a scenario where a mechanic might repeatedly conduct exhaust work, these results suggest that exposures to asbestos from work with automobile exhaust systems during the 1950s through the 1970s containing asbestos gaskets were substantially below 0.1 f/cc, the current PEL for chrysotile asbestos, and quite often were not detectable.
Introduction
Gaskets have been in use from the beginning of the industrial revolution and through the evolution of the steam engine and the internal combustion engine (Brown and Gordon, 1980) . A gasket is a material that is clamped between two, typically metal, faces and acts as a static seal. The primary function of a gasket is to insure that fluids, such as oils, fuels and coolants, do not leak to the outside and keep dirt, contaminants, and air out of engines and other mechanisms of the drive lines and associated vehicle components (Brown and Gordon, 1980) . For proper engine function, gasket materials are often required to handle extreme temperatures, pressures, and thermal expansion of adjoining flanges, as well as resist chemical damage under a variety of conditions (Brown and Gordon, 1980) . From the advent of the internal combustion engine, a wide variety of materials have been used as a gasket material, including leather, paper, steel, copper, aluminum, cork, rubber, asbestos, and plastic (Brown and Gordon, 1980) .
In the early years of the automotive industry (during WW I), gasket material primarily consisted of paper or cork. Cellulose fibers were often saturated with a variety of products, such as glycerine, animal glue, and rubber latex, to improve the seal of paper gaskets. During WW II, the formulation of paper gaskets (usually containing a mixture of asbestos and cellulose fibers) went through a major revolution. Styrene and nitrile rubber elastomers were mixed with the cellulose and asbestos fibers to form an encapsulated material. Asbestos containing an elastomeric binder was a common gasket material during the early years of the automotive industry (Brown and Gordon, 1980) . Historically, asbestos gaskets primarily contained chrysotile asbestos, whereas crocidolite fibers were typically used when concentrated acid media were handled (Kelleher and Bartlett, 1983) .
Chrysotile asbestos has several beneficial qualities that make it an effective gasket material. It is heat and chemical resistant, flexible, and economical (Kelleher and Bartlett, 1983) . Chrysotile absorbs and holds lubricants well and has great compressive and tensile strength (Kelleher and Bartlett, 1983) . In addition, asbestos provides a good reinforcement for elastomers in that the magnesium ion in asbestos reportedly reacts with carboxylated rubbers and produces a more complete vulcanization (tighter cure) (Kelleher and Bartlett, 1983) .
In 1971, the Occupational Health and Safety Administration (OSHA) promulgated the first in a series of several federally regulated workplace Permissible Exposure Limits (PELs) for airborne asbestos. By the early 1970s, the use of asbestos-containing materials was being phased out across several industries, including the automobile industry due to concerns about the health hazard. Although asbestoscontaining automobile parts were, in general, discontinued a number of years ago, recent concerns have been raised regarding the potential exposure to asbestos during automobile repair work on exhaust systems and mufflers.
The automobile exhaust system serves several functions. It vents high-temperature engine exhaust gases away from the combustion chamber of the engine, optimizes engine performance, reduces noise from the engine, and, in modern cars, reduces exhaust emissions. The automobile exhaust system is typically comprised of an exhaust manifold, exhaust pipes, muffler, and, after the mid-1970s, a catalytic converter. The exhaust manifold is a single metal piece that funnels exhaust gases directly from the cylinders of the engine into a single exhaust pipe, which extends to the muffler and the tail pipe ( Figure 1 ). The exhaust manifold is usually made of cast iron due to the extreme temperatures of the engine exhaust and is bolted to the engine block typically with a manifold gasket between the flange of the exhaust manifold and the engine. The exhaust pipe, which extends from the exhaust manifold, is typically interrupted by a flange that is located underneath the engine. This exhaust pipe flange is usually fitted with a gasket and the remaining exhaust pipe extends to the muffler and tail pipe in one piece, after which the engine exhaust is released into the air. Mufflers are used in exhaust systems to reduce the noise of the engine's exhaust and typically have passageways for the exhaust gases to flow. The asbestos paper contained within some historical mufflers was usually encased between two metal sheets that comprised the outside shell of the muffler. Catalytic converters were introduced in the mid-1970s to lower exhaust emissions by reacting with gasoline and other organic vapors not completely consumed by the engine. The catalytic converter is located along the exhaust pipe between the engine and the muffler.
Several studies have evaluated occupational exposure to airborne asbestos during the replacement of asbestoscontaining gaskets. However, these studies have primarily focused on the formation, removal, and installation of industrial-sized gaskets used in a variety of industrial settings, such as maritime, refineries, and chemical and energy plants (Liukonen et al., 1978; Mangold, 1982a Mangold, , b, 1983 Mangold, , 1985 Mangold, , 1989a Cheng and McDermott, 1991; McKinnery and Moore, 1992; Spence and Rocchi, 1996; Spencer, 1998; Fowler, 2000; Boelter et al., 2002; Longo et al., 2002) . In general, these studies show that asbestos exposures from gasket replacement, as performed by pipefitters or other tradesmen using standard tools of the trade, were not likely to have been in excess of occupational exposure limits contemporaneous with the years of exposure or current occupational exposure standards (in most circumstances). Data from these studies indicated that, only in a few instances, certain activities may create exposures in excess of current PELs (i.e., power wire brushing of flanges and gasket formation using workshop tools). While these studies provide insight about occupational exposure to airborne asbestos during the replacement of industrial gaskets, they are not representative of the conditions a mechanic would experience while handling gaskets in automobile exhaust systems. No studies published to date have evaluated such conditions. The purpose of this study was to characterize personal and bystander exposures to asbestos during the removal of automobile exhaust systems (ca. 1945-1975) containing asbestos gaskets. These data were used to estimate an 8-h time-weighted average (TWA) exposure for mechanics performing this type of automobile repair work.
Methods

Description of Automobile Exhaust System Repair
Engines either have one or two exhaust manifolds, depending on how the engine cylinders are aligned. For example, cars with V6 and V8 engines always have two exhaust manifolds. In cars with two exhaust manifolds (dual manifold exhaust system), each manifold will typically lead to a separate exhaust pipe, muffler, and tailpipe ( Figure 2) ; however in some cases, the exhaust pipes from the two manifolds may converge into one exhaust pipe leading to a single muffler. Vehicles with a single exhaust manifold (single manifold exhaust system) typically have a single exhaust pipe leading from the manifold to a single muffler and tail pipe ( Figure 1) ; however, some vehicles may be equipped so that the exhaust pipe is split into two separate pipes extending to two mufflers and tail pipes. In either case (dual or single manifold exhaust systems), gaskets are usually present at the exhaust manifold and at the flanges along the exhaust pipes. A single exhaust system (leading to a single tailpipe) will have at a minimum one exhaust manifold gasket and one exhaust pipe flange gasket, whereas a dual exhaust system (leading to two tailpipes) will usually contain two manifold gaskets and two pipe flange gaskets. However, there may be systems in which additional gaskets at other pipe joints in the exhaust system may be present (i.e., heat riser gaskets).
Some portions of the automobile exhaust system are more frequently repaired than others. Muffler and tail pipe replacement is the most frequently conducted repair work on these systems because these components are the most susceptible to corrosion. Engine exhaust farthest from the engine is cool which will allow acid and water to settle in these areas. Acids in the engine exhaust corrode in the inside of the system and water and salt from the road cause rust to form on the outside of the system. Muffler replacement is usually performed by cutting the exhaust pipe on either side of the old muffler with a welding torch and then welding the new muffler to the existing exhaust pipe. This type of repair work can be performed in a relatively short period of time (about 15-20 min).
The second type of repair work on automobile exhaust systems is replacement of the muffler and exhaust pipe up to the exhaust pipe flange. This type of work is performed less frequently than muffler replacement and usually involves removing the muffler and cutting segments of the exhaust pipe until the entire length of the pipe (up to the flange) is removed. Before installation of new exhaust pipe, the old gasket is removed and the flange face is cleaned with a scraping device or a wire brush if some of the gasket material adheres to the flange face surface. Before the mechanic can install a new exhaust system, segments of the new exhaust pipe are bent with a hydraulic pipe bender to custom fit the angles and dimensions of each vehicle. Once all the parts are ready to be installed, the replacement muffler is placed on a stand in the location in which it will be installed under the car. The new exhaust pipes and gaskets are installed and the replacement muffler is welded to the new exhaust pipes. Over the course of an exhaust system removal and replacement, very little time is actually spent working with gaskets or the old muffler; most of the time is spent custom fitting pipes and arranging the replacement parts under the car. Removal of old materials and installation of new exhaust pipe can require between 2 and 4 h per vehicle depending on the type of exhaust system (single versus dual exhaust). Time spent handling or being in contact with the gaskets is on the order of seconds rather than minutes.
The third and most infrequent type of exhaust repair work is replacing the manifold, exhaust pipe, and muffler. Manifold work is usually conducted when the manifold is leaking or damaged or when custom work is required. Removal of the entire system is most often associated with custom work, such as installation of headers, which are individual exhaust pipes for each cylinder of the engine (in contrast to a manifold, which is a common exhaust for all cylinders of the engine). Installation of headers or a new exhaust manifold can substantially increase the time required to install a new exhaust system. Again, contact with a gasket is brief (e.g., a few seconds or minutes).
Description of Work and Site Conditions
The study was conducted at a muffler shop in Santa Rosa, CA, USA that has been in business since 1974. This facility was selected for the study because it specializes in automobile exhaust repair and custom work for current, as well as vintage automobiles. All work was performed by either of two mechanics who were employed by the muffler shop and who had at least 5 to 16 years of experience. Discussions with a retired mechanic and the shop owner confirmed that the tools and methods used for exhaust repair work have not significantly changed over the years. Therefore, the work performed in this modern day simulation study was believed to be representative of the work performed on cars between the 1950s and 1970s. The muffler shop was a relatively large shop (approximately 73,000 ft 3 ) with five service bay doors, four of which were equipped with a lift and one with a maintenance pit. The shop dimensions were approximately 101 ft wide by 48 ft deep with a 15-ft ceiling (Figure 3 ). Small sections of the garage outside of the main service area, such as the waiting room, the office, and the storage area, had a lower ceiling (approximately 7-8 ft height). To prevent air measurements from being confounded by potential background contamination, the muffler shop was swept clean prior to the study and no other automobile repair work was conducted while the study was underway. All vehicles used in the study were positioned at the service bay near the center of the garage, with the vehicle raised about 5 ft high on the lift. All service bay doors were closed while exhaust work was being conducted and were only opened for a minimum amount of time required to remove the car from the lift and position the next vehicle. The muffler shop was not equipped with any heating, air conditioning, or ventilation systems.
The greatest challenge in conducting a simulation study on work practices conducted over 30 years ago is to obtain cars with parts that are representative of that era. Since asbestos-containing mufflers and gaskets have not been used on cars since the 1970s, it was difficult to locate old cars with original or old exhaust systems. However, in total, 16 vehicles were identified by visual inspection as potentially containing asbestos gaskets in an original or old exhaust system.
Testing Conditions and Exposures Scenarios
Muffler work was performed on the vehicles to characterize not only the airborne concentration of asbestos associated with the different types of work but also to understand the length of time required to perform each job. The types of work included (a) removal of the muffler and exhaust pipe up to the flange, (b) removal of the muffler, exhaust pipe, and exhaust manifold, (c) conversion from single to dual exhaust system, and (d) removal of the muffler system up to the exhaust manifold with the installation of an asbestos donut gasket. Much of the installation of exhaust systems entails custom forming pipes, with minimal time spent handling gaskets. Given that automobile gaskets are preformed and encapsulated with a binding agent, it was believed that only removal of old asbestos gaskets would pose a potential for exposure to airborne asbestos. In general, the literature on gasket work supports this view (Liukonen et al., 1978; Mangold, 1982b Mangold, , 1983 . Therefore, characterization of airborne asbestos during the removal of automobile exhaust systems was the primary focus of this simulation study. Both mechanics performed the work according to their normal work practices. Prior to the study, the two mechanics that performed the exhaust repair work were informed of the hazards of asbestos and the potential for exposure while working with asbestoscontaining materials. Since the muffler shop in which the two mechanics were employed had specialized in custom work and vintage cars for several years, the scope of work in this study was not significantly different from the type of work they had encountered in the past. Neither mechanic wore respiratory protection in the past while working on older vehicles, nor did they choose to wear respiratory protection while performing the work outlined in this study. Based on the literature on gasket removal and installation activities, the authors of this study expected the airborne asbestos concentrations to be well below occupational exposure limits and did not feel that respirators were necessary during exhaust system repair work (Liukonen et al., 1978; Mangold, 1982a Mangold, , 1983 Mangold, , 1989b Cheng and McDermott, 1991; Spencer, 1998; Boelter et al., 2002) .
The first phase of the study took place on January 13 through 15, 2004 with nine vehicles being identified as potentially containing asbestos gaskets in an original or old exhaust system. On July 26, 2004, a follow-up study was conducted to increase the sample size for vehicles containing asbestos gaskets. On this day, seven vehicles were identified as potentially containing asbestos gaskets. Table 1 provides a summary of the vehicles included in the study and the type of exhaust system and work conducted for each vehicle. For the majority of the cars, separate air samples were collected for each vehicle. In addition, exhaust work performed on the majority of these vehicles entailed removal of the exhaust pipe and muffler up to the exhaust pipe flange. Table 1 includes specific information on the number of gaskets' as well as the types of gaskets (heat riser, exhaust pipe, and/or manifold) removed from each vehicle. In most cases, the mechanic removed most or all of the gaskets with his fingers or by prying them off with a screwdriver. Any residual gasket material left behind was scraped off with the screwdriver or pulled off by hand. It generally took less than 1 min for the mechanic to remove each gasket. Often, it took the mechanic more time to access Remove exhaust system up to exhaust manifold (not including manifold to engine gaskets). c Exhaust pipe gaskets taken from crossover pipes, exhaust pipes, and heat risers. the gasket due to rusted bolts than to actually remove the gasket. Descriptions below provide information about the type of exhaust work conducted on vehicles which involved two cars per sampling event or a different type of exhaust work than removal of the exhaust pipe and muffler.
Description of Automobiles and Exhaust Work Performed
A complete removal and installation of the exhaust system was performed on the 1967 Dodge Dart, which included removing the muffler, exhaust pipe, and manifold. This vehicle had a dual manifold exhaust that was converged to a single exhaust pipe. The exhaust work for this vehicle involved installing separate exhaust pipes for each manifold (i.e., leading to two mufflers). The process of removing the old exhaust system and installing the new dual exhaust system took the mechanic approximately 4 h. For much of the time, the mechanic was custom forming the new exhaust pipe with the hydraulic pipe bender. While it was eventually confirmed by laboratory analysis that this vehicle did not contain any asbestos gaskets, the work on this automobile was insightful regarding the length of time required to custom form and install new exhaust pipes.
A single set (personal, bystander, remote background) of air samples was collected during work on both the 1964 Ford Galaxie and 1962 Ford F-100 pickup because the length of time required to remove the muffler and exhaust pipe including the exhaust pipe gasket was relatively short and a minimum amount of time for sampling was required (at air flow rates 2-2.5 l/min or LPM) to meet an acceptable analytical sensitivity for asbestos. Both cars had a single manifold exhaust system. The muffler, exhaust pipe, and exhaust pipe gasket were removed up to the exhaust manifold (not including the exhaust manifold gasket) on the 1962 Ford F-100 pickup, which required about 35 min. Removal of the muffler and exhaust pipe for 1964 Ford Galaxie required about 30 min. This car had a metal on metal joint instead of an exhaust gasket and the muffler did not appear to be original equipment. Therefore, no further work was performed on this car.
A single set of air samples (personal, bystander, remote background) was also collected during work on both the 1958 and 1960 Chevrolet Impalas for the same reasons noted above (minimum sample duration). The exhaust systems were removed up to the exhaust manifold (not including the exhaust manifold gasket) for both cars, which took approximately 20-25 min for each vehicle.
The single exhaust system for the 1963 Ford Fairlane was removed up to the manifold (not including the manifold gasket). Following removal of the exhaust system, the old exhaust pipe was reinstalled and an old unused asbestos donut gasket was inserted at the flange of the exhaust pipe in this vehicle. Two background samples for airborne asbestos were collected inside the garage before any work began on January 13 and July 26, 2004. Personal, bystander, and background airborne samples for asbestos were collected during work on each automobile. During the January testing, asbestos samples were collected from the right and left lapel of the worker performing the exhaust work at an airflow rate of approximately 2 LPM (Gilair or SKC personal sampling pump). To characterize potential bystander exposures to asbestos during exhaust work, air samples for asbestos were collected at breathing zone height (5 ft) at four different locations approximately 4 ft from the vehicle (Figure 3) . The space between the car and the bay door was limited so this bystander sample station was placed 23 in away from the rear of each vehicle. Bystander samples were also collected at an airflow rate of 2 LPM (Gilair or SKC personal sampling pump) during work on each vehicle. Remote background samples for airborne asbestos were collected inside, at either end of the shop at breathing zone height (Figure 3 ). Background samples of ambient air (outside the shop) were also collected for airborne asbestos. The ambient samples were collected outside the south wall of the shop away from automobile traffic. Both the remote and ambient air background samples were collected at an airflow rate between 8 and 10 LPM (high-volume Dawson pumps).
Review of results from the January testing indicated that samples could be collected at the above-mentioned airflow rates without a risk of overloading the filters with particulate. Therefore, in the July testing, airflow rates were increased for personal lapel and bystander samples to increase the analytical sensitivity for asbestos. In the July testing, two personal samples at 10 LPM (right and left lapel, highvolume Dawson pumps) and one personal sample at 2 LPM (Gilair or SKC personal sampling pumps) were collected on the lapel of the mechanic. The personal and high-volume pumps were placed on a cart during the sampling so that the mechanic could move freely to perform his work. In addition, bystander samples were collected with an airflow rate of 10 LPM (high-volume Dawson pumps) during the July testing.
All airborne asbestos samples were sent to a laboratory (RJ Lee Group, Inc., San Leandro, CA, USA), which is accredited by the American Industrial Hygiene Association for analysis of asbestos samples by Phase Contrast Microscopy (PCM, NIOSH Method 7400) and Transmission Electron Microscopy (TEM, NIOSH Method 7402).
Bulk Asbestos Samples Bulk samples of gasket material (for each vehicle) and muffler lining (when applicable) were collected and sent to the laboratory (RJ Lee Group, Inc., San Leandro, CA, USA) for analysis by Polarized Light Microscopy (PLM, NIOSH Method 9002) and X-Ray Diffraction (XRD, NIOSH Method 9000).
Air Exchange Measurements Using Tracer Gas Sulfur hexafluoride (SF 6 ), an inert, odorless, colorless and nontoxic gas, was used as a tracer gas to estimate the rate of air exchange within the garage. Measurements of the gas were taken according to ASTM method (E741-00) using a MIRAN SapphIRe-XL Analyzer (Thermo-Electron Corporation, Waltham, MA, USA; Ashtead Technology Rentals, Hayward, CA, USA). A target concentration of 1 ppm for SF 6 (Sigma-Aldrich, St Louis, MO, USA) was estimated based on the volume of the repair shop (101 Â 48 Â 15 ft). Two 1-l Tedlar bags (Fisher Scientific, Hampton, NH, USA) were filled with SF 6 outside of the garage approximately 20 ft from the entrance to prevent leakage into the shop. The two 1-l Tedlar bags were released throughout the garage with all doors closed and two fans were turned on for 1 min on either end of the garage to facilitate even dispersion of the gas. Air measurements were collected with the MIRAN SapphIRe-XL Analyzer after 1 min of releasing the SF 6 and continued until consecutive measurements showed a difference of no greater than 10%. The measurements were collected at eight evenly spaced locations throughout the garage to determine when steady state was reached. The steady-state concentration was approximately 1 ppm. Once steady state was confirmed, measurements were collected at one location, in the center of the garage, every 10 min for approximately 1 h. The air exchange was calculated by the following equation:
where C 1 is the average concentration at t 1 (time) when steady state is reached following introduction of SF 6 in the shop and C 2 is the average concentration at t 2 at the end of the sampling period (approximately 1 h after the steady state is reached).
Data and Statistical Analyses
The fibers on the sample filters were counted according to the NIOSH Methods 7400 and 7402 (PCM and TEM), which define fibers as being greater than 5 mm in length and 0.25 mm in diameter and having at least a 3:1 aspect ratio (NIOSH, 1994a, b) . Descriptive statistics were performed on both PCM and TEM measurements of airborne fiber concentrations collected during the replacement of exhaust systems. Results below the analytical sensitivity limit were included in the analysis by substituting a value of one-half the sensitivity limit. The average values and ranges for samples below the analytical sensitivity limit were also reported. PCM measurements were adjusted for asbestos fiber content according to the method outlined in NIOSH Method 7402, which specifies multiplying the ratio of asbestos fibers to total fibers observed in the TEM analysis by the PCM fiber concentration (NIOSH, 1994b) . The ratio of asbestos to total fibers (asbestos and non-asbestos fibers) was based on TEM fiber counts obtained from the same filter from which the PCM fiber count was derived. In cases where the PCM result was below the analytical sensitivity limit but asbestos fibers were detected in the corresponding TEM measurement, a value of one-half the PCM analytical sensitivity limit was substituted and multiplied by the ratio of asbestos fibers:total fibers observed by TEM.
The Wilcoxon Rank Sum test and a test of proportion were conducted using SYSTAT (Version 11, SYSTAT Software, Inc., 501 Canal Boulevard, Suite C. Richmond, CA 94804, USA) to compare the indoor background concentrations prior to the study to those during the exhaust work.
Personal 8-h TWAs were estimated for two exhaust repair scenarios (working on single or dual exhaust systems) and were calculated as follows:
where C i is the average airborne concentration (f/cc) for the left and right lapel collected for each of the sampling segments and t i is the duration of the task. Approximately 2 h were required to remove and replace the components in a single exhaust system. It was assumed that all potential asbestos exposure occurred during the removal of gaskets and/or mufflers which contained chrysotile and that a mechanic could perform this task in 1 h. Thus, during replacement of a single exhaust system, asbestos exposure only occurred during the first hour (during gasket removal) of the 2-h job. A mechanic replacing single exhaust systems during an 8-h workday would be potentially exposed to asbestos for a total of 4 h during gasket and/or muffler removal during the first hour of each exhaust job (four cars per day). Similarly, replacement of a dual exhaust system requires approximately 4 h, of which 1 h is involved with removal of gaskets and/or mufflers. Thus, a mechanic working on dual exhaust systems all day (two cars per day) was assumed to be potentially exposed to asbestos for 2 h.
Results
The number of samples collected during the removal of automobile exhaust systems containing asbestos gaskets and analyzed by PCM and TEM are presented in Table 2 . Results as determined by PCM and TEM for each sample are provided in Appendix Table 1A . Temperatures inside the garage were noted during the collection of air samples. During the January testing, the ambient outdoor temperature was approximately 641F, with little or no wind, and the indoor temperature was approximately 501F. Ambient conditions were dry with the exception of 1 day of the January testing, in which it rained. During the July testing, outdoor ambient temperatures were approximately 55-701F and the indoor temperatures were approximately 63-841F. Testing of the air exchange rate using SF 6 indicated that ventilation in the shop was 1.0 air exchanges per hour with the doors closed. This is approximately what was expected since no active dilution ventilation system is present in the building.
Bulk Sample Analyses
A total of 16 cars with old or original exhaust systems were identified by visual inspection to potentially contain asbestos gaskets. These automobiles were manufactured between 1945 and 1975. Analysis of bulk samples of gasket material or muffler lining showed that 12 of the 16 vehicles contained asbestos gaskets in the exhaust system, whereas two vehicles contained mufflers lined with asbestos paper. Bulk analysis of the removed gaskets indicated that the exhaust systems of the 1961 Chrysler Crown Imperial, 1967 Dodge Dart, 1970 Plymouth Barracuda, and the 1964 Ford Galaxie did not contain asbestos gaskets. With the exception of the 1964 Ford Galaxie, which was combined with the 1962 Ford F100 pickup, air samples collected during work on vehicles with non-asbestos gaskets were not included in the analyses. The asbestos content of the gaskets and mufflers removed during exhaust work is summarized in Table 1 . For cars containing asbestos gaskets, the content of asbestos in the exhaust system gaskets ranged from 9.5% to 80.1% for chrysotile as analyzed by XRD (Table 1) . PLM analysis did not show the presence of amphibole asbestos in any of the gasket samples. In the two vehicles that contained mufflers with asbestos paper linings, XRD analysis showed an asbestos content ranging from 28.3% to 41.7% for chrysotile (Table 1) . Again, PLM analysis did not indicate the presence of amphibole fibers in the muffler linings.
Air Sample Analyses
A total of 134 air samples were collected during exhaust work under typical conditions, including 35 personal samples, 57 bystander samples, five indoor background samples prior to any work, 28 indoor background samples during the exhaust Based on all samples in which asbestos fibers were detected by TEM. If the PCM result was below the sensitivity limit, the ratio of asbestos fibers to total fibers was applied to one-half the sensitivity limit for PCM. Personal lapel samples collected during exhaust system work. c Area samples collected at breathing zone height at four different locations approximately 4 ft from the vehicle during exhaust system work. Area samples collected inside, at either end of the garage, at breathing zone height during exhaust system work. e Background area samples collected inside the garage prior to any exhaust system work. work, and nine outdoor (ambient) background samples. Of these, 12 samples were overloaded with particulate (five personal, six bystander, and one indoor background during exhaust work) and could not be analyzed. Further analysis was not conducted on the overloaded filters; however, it is likely that particulate produced while cutting and welding the exhaust pipes with a torch led to the overloading of the filters. Airborne fiber concentrations were characterized by both PCM and TEM analysis. Exclusion of samples taken during work on vehicles with non-asbestos gaskets reduced the analyzed data set to 23 personal, 38 bystander, and 21 indoor background samples for PCM analysis, and 25 personal, 41 bystander, and 22 indoor background samples for TEM analysis. Samples below the analytical sensitivity limit were included in the statistical analysis by substituting a value of one-half the sensitivity limit. The number of samples below the analytical sensitivity limit is noted in Table 2 . Descriptive statistics (mean and range) of the analytical sensitivity limits for PCM and TEM analysis are shown in Table 3 . PCM samples were adjusted for asbestos fiber content by multiplying the ratio of asbestos fibers to total fibers observed in the TEM analysis by the PCM fiber concentration.
Airborne Asbestos Concentrations for Mechanics A summary of airborne asbestos concentrations experienced by mechanics is presented in Table 2 . A total of 23 personal samples of mechanics performing exhaust work on vehicles containing asbestos gaskets were analyzed by PCM. Of these, only six showed fiber concentrations greater than the sensitivity limit (mean 0.037 f/cc, range 0.012-0.132 f/cc). One personal sample had a high analytical sensitivity limit measurement (0.132 f/cc) due to the low sampling volume (20 l). The PCM results, including those below the sensitivity limit, indicate an average airborne fiber concentration of 0.022 f/cc, with a range of 0.006-0.066 f/cc. Of 25 personal samples collected during exhaust work, 18 were below the analytical sensitivity limit (mean 0.013 f/cc, range 0.001-0.074 f/cc) for TEM. Airborne asbestos fiber concentrations measured by TEM for workers handling asbestos gaskets ranged from 0.0005 to 0.105 f/cc, with an average concentration of 0.013 f/cc. Only seven samples were confirmed to contain asbestos fibers. Applying the ratio of asbestos fibers:total fibers (including non-asbestos) as measured by TEM to the PCM results shows an average adjusted PCM value of 0.018 f/cc (0.002-0.04 f/cc).
Asbestos Concentrations for Bystanders
In total, 38 samples were collected within 4 ft of automobile work and analyzed by PCM to characterize airborne fiber concentrations potentially experienced by bystanders (Table 2) . Of these samples, 76% were below the sensitivity limit for PCM analysis (mean 0.023 f/cc, range 0.009-0.059 f/cc). Airborne fiber concentrations measured by PCM for bystander sampling locations at the breathing zone height ranged from 0.004 to 0.030 f/cc. The average concentration, based upon all samples collected during gasket work (including samples below the sensitivity limit for vehicles with asbestos gaskets only), was 0.012 f/cc. Only six of 41 bystander samples (15%) analyzed by TEM were above the sensitivity limit (mean 0.007 f/cc, range 0.001-0.024 f/cc) and confirmed to contain asbestos fibers. Among samples for which the ratio of asbestos fibers to total fibers was above zero (n ¼ 6), the average adjusted PCM airborne concentration for bystanders was 0.008 f/cc (range 0.0008-0.015 f/cc).
Background Airborne Asbestos Concentrations Background asbestos concentrations were measured inside and outside the Area samples collected at breathing zone height at four different locations approximately 4 ft from the vehicle during exhaust system work. c Area samples collected inside, at either end of the garage, at breathing zone height during exhaust system work. Table 2 . Five samples were collected indoors prior to any work to characterize background airborne asbestos concentrations in the garage. Three samples were above the PCM sensitivity limit and only one TEM sample analyzed was detectable for asbestos fibers. These samples showed airborne fiber concentrations, as measured by PCM, ranging between 0.0008 and 0.022 f/cc, with an average value of 0.008 f/cc. Since only one sample was confirmed by TEM analysis to contain chrysotile asbestos fibers, only one PCM sample was adjusted for the number of chrysotile and non-asbestos fibers found in the sample. The adjusted PCM result for background airborne asbestos prior to work was 0.022 f/cc. This result seems high, especially since it represents the highest average adjusted PCM concentration for all activities. It is worth noting that four of the five background TEM samples were nondetects, suggesting that there was little asbestos present in the background.
Airborne asbestos concentrations inside the shop while the mechanic was working on the automobiles were similar to concentrations measured before the study. During exhaust system work, remote levels (areas of the garage remote from the gasket work activity) in the shop were on average 0.005 f/ cc (range 0.002-0.015 f/cc) based on PCM analysis and 0.002 f/cc (range 0.0005-0.012 f/cc) for TEM analysis. Only five of 21 PCM samples collected were above the analytical sensitivity limit (mean 0.008 f/cc; range 0.003-0.016 f/cc) and one sample was overloaded with particulate. Three TEM samples were above the sensitivity limit (mean 0.002 f/cc; range 0.001-0.006 f/cc), which allowed for the determination of an adjusted PCM average of airborne asbestos fibers. The average PCM-adjusted concentration, based on two samples, was 0.003 f/cc airborne chrysotile asbestos.
The Wilcoxon Rank Sum test was conducted to compare the indoor airborne fiber concentrations prior to and during exhaust work. The two sampling events for background concentrations (before and during the study) in the shop, as measured by PCM, were found not be statistically different (P ¼ 0.55). In contrast, there was a significant difference when TEM results were compared for the same samples (P ¼ 0.014). However, additional analyses suggested that this difference was a result of the variation in the analytical sensitivity limits between both groups. Wilcoxon Rank Sum using only nondetect values for the two data sets showed borderline significance for the analytical sensitivity limits for the samples collected before compared to those collected during the study (P ¼ 0.043). Owing to the large proportion of TEM values below the analytical sensitivity limit (82%) and the number of indoor background samples taken before any work (n ¼ 5), these comparisons are not conclusive.
To further evaluate the influence of nondetectable measurements, a test of proportion was performed to determine whether the proportion of samples above the sensitivity limit was different when comparing indoor background concentrations collected before and during the exhaust work (shop background and remote samples). The comparison indicated that the proportion of detections between the two populations was similar (P ¼ 0.1 for PCM; P ¼ 0.9 for TEM). Taken together, these results suggest that any differences in indoor background concentrations prior to and during muffler work observed for the TEM results was due to the difference in the analytical sensitivity limits for the two sampling data sets.
Comparison of Background Samples to Personal and Bystander Samples
The airborne asbestos concentrations measured on the lapel of the mechanic or at bystander locations while work was performed on exhaust systems containing asbestos gaskets were quite low. All PCM measurements, regardless of whether the sample was personal, bystander, or indoor background, were below 0.07 f/cc (not adjusted) and no TEM measurements exceeded 0.025 f/cc. Average adjusted PCM concentrations of 0.018, 0.008, and 0.003 f/cc were calculated for personal (n ¼ 7), bystander (n ¼ 6), and indoor background samples (n ¼ 2), respectively.
Owing to to the large number of samples that were below the analytical sensitivity limit, statistical comparison of airborne asbestos exposures between personal, bystanders, and background levels was difficult. Only four PCM samples that were above the analytical sensitivity limit were confirmed by TEM to contain asbestos (three personal, one bystander). After adjusting for asbestos fiber content, all four of these samples were less than 0.025 f/cc.
Background Asbestos Concentrations in Ambient Air
Nine samples were collected outside of the shop to characterize asbestos concentrations in the ambient air (Table 2 ). Only one sample analyzed by PCM was above the sensitivity limit and all of the samples analyzed by TEM were below the sensitivity limit. As asbestos fibers were not identified in any of the TEM analyses of ambient samples, it was concluded that fibers detected by PCM were not asbestos. Non-asbestos fiber concentrations in the ambient air averaged 0.003 f/cc (range 0.0009-0.005 f/cc) by PCM analysis and 0.001 f/cc (range 0.0005-0.002 f/cc) by TEM analysis, which is consistent with the historical literature (ATSDR, 2001; US EPA, 2003) .
Estimates of 8-h TWA for Workers and Bystanders For the purpose of comparison with the OSHA permissible exposure limit (PEL), 8-h TWAs were calculated for workers and bystanders during exhaust system work. Given that the presence of asbestos was confirmed in only one bystander and three personal samples, and that all adjusted PCM results were less than 0.025 f/cc, average concentrations based on all the PCM-adjusted measurements (including those assumed to be present at one-half the sensitivity limit) were used to characterize airborne fiber levels during a typical exhaust job. It was also assumed that during non-gasket exhaust work, a worker would be exposed to background concentrations in the shop, therefore, average PCM-adjusted concentrations for remote background locations were applied in estimating worker and bystander 8-h TWAs. Assuming that work on a single exhaust system requires about 2 h to remove and replace system components, and that a mechanic can work on four cars in an 8-h workday, the estimated 8-h TWA for a mechanic performing this work was 0.01 f/cc ((0.018 f/cc Â 4/8 h) þ (0.0014 f/cc Â 4/8 h)), which is 10-fold less than the current OSHA PEL of 0.1 f/cc. An estimated 8-h TWA was also calculated for mechanics working on dual exhaust systems. Assuming that this job requires 4 h and that a mechanic can work on two cars each day, the estimated 8-h TWA estimate for mechanics doing this work was 0.006 f/cc ((0.018 f/cc Â 2/8 h) þ (0.0014 f/cc Â 6/8 h)). It is highly likely that the actual airborne concentrations were less than these values due to the high number of samples that were below the sensitivity limit for PCM and TEM analysis.
The 8-hour TWAs were also estimated for bystanders in the immediate proximity of mechanics working on either single or dual exhaust systems. Based on the average airborne fiber concentrations, as estimated by the adjusted PCM results, the 8-h TWA estimates for bystanders were 0.005 f/cc ((0.008 f/cc Â 4/8 h) þ (0.0014 f/cc Â 4/8 h)) and 0.003 f/cc ((0.008 f/cc Â 2/8 h) þ (0.0014 f/cc Â 6/8 h)) during work with single (four cars per day) and dual (two cars per day) exhaust systems, respectively.
Discussion
This study was conducted to evaluate potential airborne asbestos exposures during work on automobile exhaust systems (ca. 1945-1975) containing asbestos gaskets. The results of this study indicated that average airborne chrysotile concentrations should be no greater than about 0.018 f/cc (PCM adjusted) for the mechanic and 0.008 f/cc (PCM adjusted) for bystanders. Of the 82 samples (23 personal, 38 bystander, and 21 indoor background) analyzed by PCM and 88 by TEM (25 personal, 41 bystander, and 22 indoor background), only four PCM samples that were above the analytical sensitivity limit were confirmed by TEM to contain asbestos (three personal and one bystander samples). After adjusting for asbestos fiber content, all four of these samples were less than 0.025 f/cc for chrysotile.
The average 8-h TWA for a mechanic performing exhaust repair work involving the handling of asbestos gaskets or mufflers containing asbestos paper linings was estimated to be 0.01 f/cc for single exhaust systems and 0.006 f/cc for dual exhaust systems. Bystander exposures (8-h TWA) to airborne asbestos for the same activities (single exhaust system on four cars per day and dual on two cars per day) were shown to be 0.005 and 0.003 f/cc, respectively.
There are several studies that characterize both short-term and long-term exposures to airborne asbestos while removing and installing industrial or maritime asbestos-containing flange gaskets (Liukonen et al., 1978; Mangold, 1982b Mangold, , 1983 Mangold, , 1989b Cheng and McDermott, 1991; McKinnery and Moore, 1992; Spence and Rocchi, 1996; Spencer, 1998; Boelter et al., 2002; Longo et al., 2002) . These gaskets are often larger than automobile exhaust system gaskets, and, in order to effectively seal in high pressure steam and fluids, must be seated on extremely clean flange faces. Workers use scrapers, hand wire brushes, and power wire brushes to remove gasket residual. Some of the studies on these types of gasket activities collected 8-h breathing zone samples as workers removed four to eight gaskets per day, the upper range of how many gaskets could be replaced in a single workday (Mangold, 1989b, e, g; Spencer, 1998; Boelter et al., 2002) . The 8-h TWAs reported in the studies, which characterized gasket removal with a scraper (similar to using a screwdriver), did not exceed 0.031 f/cc and are comparable to the time-weighted average concentrations reported in this study (Mangold, 1989b; Spencer, 1998; Boelter et al., 2002) .
It should be noted that for several reasons the 8-h TWA estimates calculated from the data collected in this simulation study likely represent worst-case exposures for workers removing asbestos gaskets from automobile exhaust systems. First, these data are heavily weighted by the number of samples below the analytical sensitivity limit for PCM and TEM. For example, the percent of worker and bystander samples below the sensitivity limit was 74-76% for PCM analysis and 72-85% for TEM analysis. Nonetheless, the analytical sensitivity limits for PCM and TEM analyses were sensitive enough to detect an airborne concentration of asbestos 3-50-fold below the current 8-h PEL for asbestos (Table 3) .
Second, most mechanics would not handle gaskets on every repair job performed on the exhaust system. Since the muffler and tailpipe corrode more easily than the rest of the exhaust system, muffler replacement is the most common type of repair work conducted in a muffler/exhaust automobile repair shop. Given the manner in which mufflers are replaced, the potential for airborne asbestos exposure during muffler replacement is negligible or virtually nonexistent. Some workers have claimed to be exposed to airborne asbestos released from rusted mufflers containing asbestos paper linings when the muffler was allowed to drop to the floor. However, discussions about and observation of standard procedures utilized by the mechanics in our study strongly indicated that allowing the mufflers to drop to the floor is an unsafe work practice. It is highly unlikely that a professional mechanic would allow a muffler to drop 5 ft to the ground risking injury. The mechanics who participated in our study used adjustable stands to hold up the old muffler as the exhaust pipe was cut with a welding torch. These same stands were used to position the new muffler in the correct location.
Third, workshop conditions simulated in this study are worst-case in that ventilation was limited. For example, service doors of the shop were closed while exhaust work was conducted. In the course of normal shop operations, service bay doors would be either left open on good weather days or would be repeatedly opened to move vehicles in and out of the shop. In addition, many repair shops are equipped with active heating and ventilation systems, unlike the one utilized in this study. Tracer gas analysis indicated that the ventilation of the exhaust shop used in this study was relatively low (1.0 exchanges per hour) compared to other garages (4-6 exchanges per hour) or industrial settings (8-12 exchanges per hour) (ASHRAE, 1991) .
In summary, this study was conducted to characterize potential worker and bystander airborne exposures to asbestos during repair work on automobile exhaust systems (ca. 1945-1975) containing asbestos gaskets. The 8-h TWA estimates calculated for a mechanic or bystander performing this type of work indicated that airborne asbestos exposures during work on vehicles containing asbestos gaskets were substantially below 0.1 f/cc, the current PEL for chrysotile asbestos, as well as below all previous US occupational standards for asbestos.
Appendix A
The results determined by PCM and TEM for each sample are provided in Appendix Table 1A . 
